To decrease the toxicity of potent anti-HIV nucleosides 3′-azido-2′,3′-dideoxythymidine (AZT) and 2′,3′-dideoxy-3′-fluorothymidine (3′-FddThd, FLT), their new analogues, 3′-azido-2′,3′-dideoxy-5hydroxymethyluridine (3′-Az5HmddUrd) and 2′,3′dideoxy-3′-fluoro-5-hydroxymethyluridine (3′-F5HmddUrd), were synthesized. The reaction of 3′azido-2′,3′-dideoxyuridine (3′-AzddUrd) and 2′,3′dideoxy-3′-fluorouridine (3′-FddUrd) with formaldehyde, under strongly alkaline conditions and at elevated temperature, proceeded after 4 days to completion to afford the corresponding 5hydroxymethyl derivatives 3′-Az5HmddUrd and 3′-F5HmddUrd in good yield. These compounds were also prepared by oxidation of AZT and FLT with the use of K 2 S 2 O 8 . 1 H NMR analyses were subjected to the series of 3′, 4 and 5-substituted pyrimidine 2′-deoxy-and 2′,3′-dideoxynucleosides involving 3′-Az5HmddUrd and 3′-F5HmddUrd. Analysis of the sugar furanose ring puckering demonstrated that all 3′-fluorine derivatives exhibited strong domination of the S conformation (~100%) while 3′-substitution by electrondonating groups, such as NH 2 , increased population of the N conformation. Experimentally observed substituent effect on the furanose ring puckering equilibrium was reconstructed in the 100 ps molecular dynamic trajectories obtained for AZT, FLT, dThd, 2′,3′-ddThd and 3′-amino-2′,3′-ddThd. It may be concluded that anti-HIV activity is linked to a direct interaction of the 3′-substituent with reverse transcriptase (RT) binding site. Anti-HIV activities of 3′-Az5HmddUrd and 3′-F5HmddUrd are lower than activity of AZT and FLT; however, 3′-Az5HmddUrd and 3′-F5HmddUrd are less toxic than AZT and FLT.
The search for new, modified 2′,3′-dideoxynucleosides, HIV reverse transcriptase (RT) inhibitors and potential anti-AIDS drugs is of special interest: toxicity against bone marrow and quickly developing resistance to currently used nucleoside analogues point to the need for new RT inhibitors acting in multi-drug chemotherapy regimens according to different mechanisms (Vandamme et al., 1998) . The utility of 3′-azido-2′,3′-dideoxythymidine (AZT) is limited by its toxic effect on bone marrow (Gill et al., 1987) resulting in anaemia, neutropenia and thrombocytopenia as well as virus-drug resistance development (Gelmon et al., 1989; Richman et al., 1987; Walker et al., 1988; Larder et al., 1989) . 2′,3′-dideoxy-3′-fluorothymidine (FLT) is the most potent in vivo inhibitor of HIV; however, it is even more cytotoxic than AZT (Kong et al., 1992) .
It has been shown previously that replacement of the 5methyl group in FLT with such substituents as halogens, especially chlorine, decreases the toxicity of these compounds to the host cells in culture and enhances the in vitro selectivity index (SI) Balzarini et al., 1989; Balzarini et al., 1988) . Analogous replacements in AZT also result in decreased cytotoxicity, albeit with concomitant decrease of antiviral potency and selectivity index (SI) (Balzarini et al., 1988) . Such 2′,3′-dideoxyuridines contain 5-substituents with positive hydrophobic constants and π values close to the value estimated for the methyl group (π=0.56). These values fall in the π range 0.56-1.12 (Hansch et al., 1973) .
On the other hand, on the basis of crystallographic investigations, it was suggested that trans orientation of O5′ and S-type/C3′-exo sugar conformation stabilized with the 'gauche effect' is required for efficient phosphorylation of the 5′-OH group, which is necessary for antiviral activity (Raleigh et al., 1978; Van Roey et al., 1989; Taylor et al., 1990) . This suggestion was discussed recently on the basis of theoretical calculations made with the use of AM1 method. Everaert et al. believe that C2′-endo sugar puckering mode (S conformation) is likely to be the most accessible one, because of the conformational flexibility around their energy minima (Everaert et al., 1993) .
It must be mentioned that the structure of nucleosides in the crystalline state represents a single, thermodynamically Introduction stable conformation, but in aqueous physiological media the molecular conformation is less rigid and the conformational flexibility of the molecules has to be determined by NMR spectroscopy. To clarify the above-mentioned discrepancies and to decrease the cellular toxicity of AZT and FLT, we decided to prepare 5-hydroxymethyl counterparts, as well as a range of their analogues (Figure 1) . We investigated their biological properties relating to solution conformation as well as conformation of their analogues. In addition, NMR-derived solution conformational equilibrium of 3′-substituted 2′,3′-dideoxythymidines is compared with the results obtained from molecular dynamics modelling.
Materials and methods: chemistry

General methods
Melting points (uncorrected) were measured on a Boetius microscopic hot stage; UV spectra were recorded on a Cary 300 instrument, using 10 mm path length cuvettes. Extremes of pH made use of standard solutions of HCl and NaOH. A phosphate buffer was used at pH 7. A Cole-Palmer instrument with combination electrode was employed for pH measurements. Liquid matrix secondary ion mass spectra were recorded with an AMD-604 spectrometer. Thin-layer chromatography (TLC) was run on Merck silica gel F 254 glass plates (DC, 20×20 cm, 0.25 mm; no. 1.05718) and Merck cellulose F glass plates (DC, 20×20 cm, 0.1 mm no 1.05718). Preparative-layer chromatography (PLC) was run on Merck silica gel F 254 glass plates (PLC, 20×20 cm, 2 mm; no. 1.05717). The following solvents (v/v) were used: silica gel (A) CHCl 3 -MeOH, 80:20; cellulose (B) MeOH-concentrated aqueous NH 3 -H 2 O, 70:10:20; (C) i-PrOH-concentrated aqueous NH 3 -H 2 O, 70:10:20. 3′-azido-2′,3′-dideoxythymidine (AZT), 5-fluoro-2′-deoxyuridine (5-FdUrd), 2′-deoxyuridine (dUrd), 2′-deoxythymidine (dThd) and 2′,3′-dideoxyuridine (2′,3′-ddUrd) were from Aldrich, 2′,3′-dideoxy-3′fluorothymidine (FLT) was from ICN, and 2′,3′-dideoxythymidine (2′,3′-ddThd) was from Fluka. 2′,3′-Dideoxy-3′,5-difluorouridine (3′-F5FddUrd) (Ajmera et al., 1984) , 2′deoxy-5-fluoro-4-thiouridine (5-F4SdUrd), 2′,3′-dideoxy-3′-fluoro-4-thiouridine (3′-F4SddUrd); 2′-deoxy-4-thiothymidine (4SdThd) (Baker et al., 1966) , 2′,3′-dideoxy-3′5difluoro-4-thiouridine (3′,5-diF4SddUrd) (Felczak et al., 1993) and 2′-deoxy-5-hydroxymethyluridine (5-HmdUrd) (Kong et al., 1992) were prepared as previously described. Method A: 3′-Azido-2′,3′-dideoxy-uridine (AzddUrd) (Lin et al., 1983) 538 mg (2 mmol), 2.5 ml of 36% formaldehyde and 2.5 ml 1 N NaOH was stirred in a tightly sealed tube at 65 o C. Four 2.5 ml portions of 1 N NaOH were added at 24-h intervals and the reaction's progress was monitored by TLC on silica gel in solvent A. After completion of the reaction (4 days) and cooling to room temperature the mixture was diluted with water (15 ml) and neutralized with Dowex 50 W-X-8 -H + form (12 ml of wet resin). After being stirred for 1 h, the resin was filtered off and washed with 50 ml of water and the combined filtrate and washings were evaporated in vacuo at room temperature to an oily residue. The latter was codestilled three times with EtOH- Method B: AZT (26 mg, 0.1 mmol) was dissolved in 5 ml of 0.1 M sodium phosphate buffer (pH 7), K 2 S 2 O 8 (54 mg, 0.2 mmol) was added and the solution was heated at 60°C for 4 h. After cooling and evaporating at room temperature in vacuo the residue was purified by PLC chromatography on silica gel with solvent A, to give 10 mg of compound 1a (35% yield) with spectral and chromatographic properties as in Method A.
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A mixture of compound 1a (283 mg, 1 mmol), trihenylphosphine (780 mg, 3 mmol) and pyridine (3 ml) was stirred at room temperature for 1 h, concentrated aqueous ammonium hydroxide (0.4 ml) was added and solution allowed to stand for additional 8 h. Pyridine was then removed in vacuo, water was added and triphenyl phosphine and triphenyl phosphine oxide were removed by filtration. The filtrate was then extracted with benzene and ether and concentrated to dryness in vacuo. The residue was dissolved in small amount of pyridine and added dropwise to 1:1 mixture of hexane-cyclohexane. Tiny white precipitate was isolated by centrifugation and crystallized from EtOH to give 169 mg (60%) of 2, mp. 159-162°C (Lin et al., 1983 ) (160-162°C); UV λ max (pH 1) 265, λ max (pH 13) 267, A max (pH 1)/A max (pH 13) 1.27 (Lin et al., 1983 ) λ max (pH 1) 266, λ max (pH 13) 268 A max (pH 1)/A max (pH 13) 1.28; MS m/z 243 (M + 2H); TLC: (A) 0.01, (B) 0.67, (C) 0.42. 1 H NMR (D 2 O) δ ppm 1.9 (d, 5-CH 3 , J 1.1 Hz); for other 1 H NMR data, see Table 2 .
2′,3′-dideoxy-3′-fluoro-5-hydroxymethyluridine (1b)
Method A: 2′,3′-dideoxy-3′-fluorouridine (3′-FddUrd) was subjected to reaction with 36% formaldehyde as described for preparation of 1a (Method A). After precipitation from MeOH-EtOAc, homogenous 1b in the form of tiny precipitate was obtained in 78% yield. TLC (silica gel) (A) 0.39, cellulose (B) 0.74, (C) 0.39. UV λ max (pH 12) 263, λ max (pH 1) 263; A max (pH 1)/A max (pH 12) 1.26. MS m/z 261 (M+H). 1 H NMR (DMSO-d6) δ ppm 4.13 (s, 5-CH 2 OH), (for other 1 H NMR data, see Table 2 ). Anal. (C 10 H 13 FN 2 O 5 . 0.2 H 2 O). Found: C, 45.70%; H, 5.14%; N, 10.41% requires: C, 45.53%; H, 5.12%; N 10.62%.
Method B: Eighty-one mg (0.3 mM) of K 2 S 2 O 8 was added to 37 mg (0.15 mM) of 3′FddThd in 7.5 ml of 0.1 M sodium phosphate buffer pH 7 and the solution was heated to 60°C for 4 h. After PLC chromatography in solvent A, 14.8 mg (38%) of compound 1b was isolated with spectral and chromatographic properties as in Method A.
H NMR spectroscopy and computational methods
All compounds were analysed by 1 H NMR spectroscopy in D 2 O solution, in ca. 4 mM concentration. The spectra were measured alternatively on 500 MHz Varian UX-NMR or Unity Plus spectrometers with presaturation of the resting water resonance. The spectra were accumulated at 298°K with 6 kHz band width and 32 k digital resolution and then processed with the help of the MestRe-C programme (Cobas et al., 2000) using 64 k zero filling and lorenzian filter resulting in 0.2 Hz line broadening. When required for precise estimation of small coupling constants (e.g., H3′-H4′ in 3′-FddUrd), pure sine-bell filter instead of lorenzian was used. The line positions were determined by parabolic interpolation with an error of 0.03 Hz spectra analysis, including determination of chemical shift and coupling constant was made with the help of locally written ISSSS programme, the Iterative Seven Spin System This simulation programme (Poznanski, 1992) was made within the Biosym research fellowship on a field of NMR software, which is based on a LOACOON II algorithm (Gunther, 1980) . The standard deviations of the obtained chemical shifts and coupling constants are within the range of 0.05 Hz.
Solution conformational distribution was obtained by the locally made program based on the Altona algorithm of sugar ring puckering with the Remin extension for exocyclic group analysis (Remin et al., 1972) . Structural calculations were carried on INSIGHT II software (MSI). The standard cvff forcefield (MSI) was used (Clark et al., 1989) . Original partial charges were replaced by ESP charges calculated separately for the corresponding 1-methyluracils and 3-substituted-1-methyl-2-deoxyribose with DMol (MSI) using BLYP functional and DNP atomic basis set. The forcefield was enhanced for parameterization of the azido group, which originally was not parameterized.
The molecular dynamics were calculated using Discover3 (MSI). The 15Å water cubic box with periodic boundary conditions was used. Molecules with a trans conformation of exocyclic group were equilibrated by 1000 ps in vacuo calculation, then solvated by water molecules. The solvated molecules were optimized by energy minimization. Then 145 ps molecular dynamics were performed in the NTP ensemble. First 45 ps were carried at 500, 100 and 300 K in 15 ps periods, respectively. The final 100 ps at 300 K were analysed.
Materials and methods: virology
Anti-HIV activity assay MT-4 cells were suspended at approximately 500 000 cells/ml of culture medium and infected with wild-type HIV-1 (IIIB). Then, 100 ml of the infected cell suspension was added to 200 ml microtitre plate wells containing 100 ml of an appropriate dilution of the test compounds. After 5 days of incubation at 37°C, the cell cultures were microscopically examined and the viable cells counted by trypan blue dye exclusion. The 50% effective concentration (EC 50 ) was determined as the compound concentration required for protecting the virus-infected cell culture against HIV destruction by 50%.
Results
Modification of the Cline procedure (Cline et al., 1959) by Baker et al. (Baker et al., 1966) involving base-catalysed hydroxymethylation of the uracil moiety of deoxyuridine was adapted to hydroxymethylation of 3′-azido-2′,3′-dideoxyuridine (3′-AzddUrd) and 2′,3′-dideoxy-3′-fluorouridine (3′-FddUrd) ( Figure 2 ). The first starting compound, 3′-AzddUrd, was obtained according to Lin and Mancini's procedure (Lin et al., 1983) . This compound reacted with 36% aqueous formaldehyde, at strongly alkaline conditions and elevated temperature, to give 3′-azido-2′,3′-dideoxy-5hydroxymethyluridine (1a) in high (80%) yield. Nucleoside 1a was then reduced with the use of triphenylphosphine in pyridine solution at room temperature. After treatment with concentrated ammonium hydroxide, 3′-amino-2′,3′dideoxy-5-methyluridine (2), known metabolite of AZT (Creton et al., 1991) , was isolated by PLC in 76% yield. 2′,3′-dideoxy-3′-fluorouridine (3′-FddUrd), the second starting compound in the hydroxymethylation reaction described above, was prepared from 2′-deoxyuridine by a procedure previously described for synthesis of FLT (Herdewijn et al., 1987) (Figure 2 ). This latter compound reacted with formaldehyde-KOH mixture, to afford 2′,3′dideoxy-3′-fluoro-5-hydroxymethyluridine (1b) in 60% yield after PLC isolation. Compounds 1a and 1b were also prepared from AZT and FLT with the use of modified Itahara and Koga oxidation method (Itahara et al., 1991) employing K 2 S 2 O 8 in buffered neutral water solution, but the yields were considerably lower (35% and 38%, respectively). 
Conformational aspects
Chemical shift of H6 resonance in 1 H NMR spectra is a measure of C-5 substituent partition to electron density distribution. Analysis was based on the generalized linear partition approach according to Formula δ (H6)=δ o +X 3 ′+X 4 +X 5 , where δ o is the estimated chemical shift of dUrd, X i are coefficients describing influence of a certain substitution. The results are presented in Table 1 . The relatively low correlation coefficient obtained for the set of 17 compounds, as well as increased standard deviations of the estimated group partitions, resulted from large distortion caused by 5-F-4-S derivatives. After neglecting both of them, R value was significantly increased and errors were lowered (set of 15 derivatives). As presented in Figure 3 , the correlation pattern is clean with two pointed compounds lying far from the correlation line.
Puckering of ribose ring
Analysis of the sugar ring puckering based on the two-state, five-parameter model of pseudorotational equilibrium proposed by Altona (Haasnot et al., 1980) (Figure 4 ). According to our previously described discussion (Poznanski et al., 2000) , the reduced three parameter model of pseudorotation was used (X N , τ N and ϕ N were optimized, whereas τ S =τ N and ϕ S =π-ϕ N were constrained), which indicated equal pseudorotation amplitudes of N and S forms, symmetrical in the meaning of puckering cycle. The calculations, with adequate parameterization for 3′-substituent electronegativity (Altona et al., 1989) , were based on Karplus equations and required experimentally determined values of five coupling constants: 3 J 1′2′ , 3 J 1′2′′ , 3 J 2′3′ , 3 J 2′′3′ and 3 J 3′4′. If H2′, H2′′ resonances were not resolved, only 3 J 3′4′ and the sums 3 J 1′2′ + 3 J 1′2" and 3 J 2′3′ + 3 J 2′′3′ could be determined and analysed. Such restricted analyses were performed for AZT and dThd. In the case of 2′,3′-ddThd, 2′,3′-ddUrd and all 3′-FddUrd derivatives, the additional constraints determined from 3 J 2′3′′ , 3 J 2′3" and 3 J 2′3" Figure 3 . H6 chemical shift estimated on the basis of generalized substituent partition prediction according to additive substituent coefficients taken from Table 1 . Parametrization was based on the experimental δ (H6) values presented at Table 2 couplings were neglected. Results of the analysis are presented in Tables 2 and 3 . Conformations of the analysed series of compounds could be grouped according to the nature of the 3′-substituent. Despite the type of pyrimidine substitution at 4 and 5 positions, all 3′-fluoro derivatives exhibited almost 100% domination of the S conformer, characterized by extremely low 3 J 3′4′ vicinal coupling. The decrease of the substituent electronegativity increased the population of the N conformer. Thus, dThd derivatives exhibited 62-68%, AZT and its 5-hydroxymethyl derivative 43-49% and 3′-AmddThd 25% of S conformation respectively. The 2′,3′-ddThd (23%) and 2′,3′-ddUrd (24%) conformations are close to that of 3′-AmddThd.
The obtained results generally agree with the concept of the gauche effect (Wiberg et al., 1990; Plavec et al., 1996; Plavec et al., 1993) between the 3′substituent and endocyclic O4′. As it has been demonstrated previously, the fluorine substituent exhibits the strongest preferences to drive furanose ring puckering (Guschlbauer et al., 1980) . The NMR-derived conformational equilibrium of the 3′FddUrd analogues are consistent with conclusions presented in the extensive studies of 2′ and 3′ monoflourinated dideoxyuridines by Barchi et al. (Barchi et al., 1997) .
The mean puckering amplitude depended on the nature of the substituents situated on C3′, C4 and C5 positions. The largest pseudorotation amplitudes were found for 2′,3′-ddThd and 2′,3′-ddUrd, in which the steric hindrances were lowered by substitution of H for 3′-OH. Generally, in the whole series, the electron attracting C5-substituents increased the pseudorotation amplitude, whereas the electron donating groups caused the opposite effect. The latter observation agreed with the tendencies observed for a wide series of 5-substituted 2′deoxyuridines (Poznanski et al., 2000) as is now validated for 3′-FddUrd derivatives.
Conformation of the exocyclic group
Analysis was based on the estimated 3 J 4′5′ , 3 J 4′5" couplings using three state (gauche + , gauche -, trans) rotamer model. Remin's approach (Remin et al., 1972) was used for assignment of average rotamer population to N and S deoxyribose puckering forms. The estimated results demonstrated two interesting observations: stabilization of the gaucherotamer in 3′-FddThd and 3′-FddUrd (25% in contrast to less than 13% for the rest). If, as noted, the increase in population of the gaucherotamer is accompanied by a decrease of dispersion of H5′ and H5" resonances, one can assume that all 3′fluoro derivatives exhibit overpopulated gaucherotamers of the exocyclic group. This conformation enabled 3′-substituent to interact with the exocyclic group by 5′-OH÷3′-F electrostatic interaction. In a series of 5-fluoro-4-thio-2′-deoxyuridines and its 3′-fluoro derivative stabilization of the gauche + rotamer is observed. This gauche + rotamer stabilization is characteristic for the favourable through space electrostatic interaction of the exocyclic group with the base, enabling C5′-O÷C6-H 'pseudo' H-bonding. We found that this was stabilized by lowered electron density on the C6 hydrogen as an effect from substitution of electron-attracting groups on the base skeleton (Poznanski et al., 2000) . It is worth pointing to the cumulative effect of 5-fluoro and 4-thio substitution. The 5-F, 4-S substitution changed the H6 chemical shift more than predicted from the generalized linear prediction scheme ( Figure 3 ) and resulted in strong stabilization of gauche + rotamer (up to 75%) The existence of the H-bond to H6 explains the unexpected downfield chemical shift of H6 caused by NMR's shielding the neighbouring C5′-OH group. Such a large change of conformational preferences may play an important role in the biological behaviour of the 5-fluoro-4-thiodeoxyuridine derivatives.
Molecular dynamics simulations
The hypothesis of electrostatic stabilization of 3′-substituted 2′,3′-dideoxyuridine derivatives due to the gauche effect (Wiberg et al., 1990; Plavec et al., 1996) prompted us to perform a series of molecular dynamics calculations for dThd, 3′-FddThd, AZT, 3′-AmddThd and 2′,3′-ddThd. AZT and 3′AmddThd differentiated by a wide spectrum of 3′ substituent electronegativity. The obtained results confirmed fast conformational N↔S equilibrium of the sugar ring. As presented in trace A of Figure 5 (Figure 5, trace B) . The S conformation is characterized by smaller X3′-O4′ and larger X3′-O5′ distance. In the case of dThd, both the electrostatic terms of the energy (Figure 5 , trace C) and solvent exposed surface of the 3′-OH group (Figure 5 , trace D) exhibit significant correlation with the sugar ring conformation whereas, in the case of 3′-FddThd, only correlation of solvent-exposed surface of the fluorine atom is evident. The latter suggests hydrophobic mechanism of the S pucker form stabilization by other 3′-halogeno derivatives.
The sugar ring conformer distribution obtained from 100 ps molecular dynamics traces perfectly agrees with the equilibrium estimated from experimental NMR data ( Figure 6 ). This clearly indicates that MSI cvff forcefield with ESP-derived partial charge distribution satisfactory reproduces interactions important for deoxyribose conformational analysis. It must be noted the significant correlation of the 3′ substituent solvent exposed surface with the puckering equilibrium, clearly indicating that 3′ substitution by apolar atom/group may drive the puckering to the S conformational properties of 2′,3′ddThd and 3′-Am-2′,3′ddThd indicate the balance of the gauche and anomeric effects (Plavec et al., 1996; Plavec et al., 1993) as well as the significant partition of the solute-solvent interactions which favour the N conformation, enabling increased solute exposed surface of 3′-amino group.
Discussion
Solution conformation and structure-activity relationship 3′-azido-2′,3′-dideoxy-5-hydroxymethyluridine (1a) exhibits in D 2 O solution an overall conformational equilibrium almost identical to that of its parent nucleoside, AZT, despite the fact that Hansch parameters (Hansch et al., 1973) describing the hydrophobic, electronic and steric properties of the 5-hydroxymethyl and 5-methyl groups are J Poznanski et al.
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©2003 International Medical Press completely different. AZT and 1a exhibit identical (ca 40%) proportions of S-puckered form in N↔S equilibrium and identical gauche + , trans, and gaucheconformations around the exocyclic C4′-C5′, bond (Table 3) . These data differ somewhat from the data obtained from crystallographic studies , where stabilized S conformation of AZT was shown. Solution conformation of 1a is also similar to that of the DNA component thymidine, which in solution also presents N↔S equilibrium but with higher proportion of S conformation (61%). Another analogue of 1a, 2′-deoxy-5-hydroxymethyluridine (5-HmdUrd), a component of DNA of certain bacteriophages, likewise has an overall conformation similar to dThd, exhibiting small (up to 9%) differences in gauche + and trans conformations.
2′,3′-dideoxy-3′-fluoro-5-hydroxymethyluridine (1b) and FLT also have in solution identical overall conformations, exhibiting 100% of the S/C 2′ -endo form. This is in agreement with previously reported crystallographic , spectroscopic (Hicks et al., 1990) and theoretical (Bergstrom et al., 1991) data obtained for FLT, pointing to a rigid S-conformation of the 5-substituted-2′,3′-dideoxyuridines possessing a 3′-fluoro substituent in the erythro ('down') configuration. This conformation, together with the trans conformation of 5′-hydroxyl group, was suggested to be essential for biological activity such as the phosphorylation of rigid AMP analogues catalysed by adenylate kinase (Raleigh et al., 1978) . Nevertheless, it may be postulated that the S conformation in water solution is essential for strong binding of the nucleosides to dThd kinase and/or their 5′-triphosphates to HIV reverse transcriptase, as well as for the incorporation into HIV DNA.
It should be mentioned that 2′,3′-dideoxyuridines bearing a 3′-azido substituent in the threo ('up') configuration exhibit much lower anti-HIV activity than their erythro isomers and that their 5′-triphosphates are weaker HIV reverse transcriptase inhibitors than their threo isomers. This effect causes formation of 85% of the N/C 3′ -endo conformation (Bazin et al., 1989) , which is considered 'undesirable' for biological activity. However, on the basis of MINDO/3 calculations it was postulated that a threo 3′-fluoro substituent in 2′,3′-dideoxyuridines is a strong attractor of pyrimidine H-6 proton and stabilizes the N conformation, which is now nearly 100% (Bazin et al., 1989) .
Analysis of the sugar furanose ring puckering demonstrated that all 3′-fluorine derivatives exhibited strong dominance of the S conformation (100%). Substitution by a 3′electron donating group increased the population of N conformation. Experimentally observed substituent effect on Figure 6 . Comparison of N pucker sugar ring population derived from 1 H NMR. Spectroscopy compared with that obtained from 100 ps Molecular Dynamics performed at 298 K in 15Å cubic water box the furanose ring puckering equilibrium was reconstructed in the 100 ps molecular dynamics trajectories obtained for AZT, 3′-FddThd, dThd, 2′,3′-ddThd and 3′-amino-2′,3′-ddThd. It may be concluded that anti-HIV activity is joined to direct interaction of the 3′-substituent with the reverse transcriptase binding site.
Anti-HIV activity
In contrary to AZT and FLT 5-hydroxymethyl nucleosides, 1a and 1b exhibit only modest anti-HIV-1 (strain IIIB) activity in MT-4 cells (Table 4 ). However, they are not toxic to host cells at concentrations of up to 400 µM. 3′-amino-2′,3′-dideoxy-5-methyluridine (2), the product of reduction of 1a and the known metabolite of AZT (Creton et al., 1991) was devoid of antiviral activity, but exhibited considerable cytotoxicity.
It is clear that minor changes in the sugar ring conformation cannot be responsible for the markedly decreased anti-HIV activity of 1a and 1b compared to their parent compounds AZT and FLT. The decreased activity of 1a and 1b may be due to the markedly lowered hydrophobicity of 5-hydroxymethyl substituent compared to 5-methyl group (hydrophobic constants π -1.03 and 0.56, respectively), while electronic and steric Hansch parameters (Hansch et al., 1973) did not differ significantly. This may result in weaker binding of the 5-hydroxymethyl-3′-azido-or 3′fluoro-2′, 3′-dideoxyuridines to the thymidine kinase active site and/or weaker binding of their 5′-triphosphates to the HIV-1 reverse transcriptase active site. Indeed, previous studies have shown that 5-hydroxymethyl-2′-deoxyuridine (5-HmdUrd) has 179-fold lower affinity for L1210 cytosol thymidine kinase than the natural substrate thymidine (Balzarini et al., 1982) , while AZT and FLT show strong affinity to this enzyme and their 5′-triphosphates exert very potent inhibition of HIV-1 and HIV-2 reverse transcriptase (Cheng et al., 1987; Ajmera et al., 1984) .
Populations of the sugar ring are coupled with the character of the 3′-substituent. 3′-fluoro-2′,3′dideoxyuridinesin erythro configuration exhibit in the aqueous solution 100% of S/C 2 -endo conformation. In contrast, 3′-azido-2′,3′-dideoxyuridines give in solution conformational equilibrium mixtures in which the N conformer dominates slightly. Generally, electron-attracting groups stabilize S conformer whereas electron-donating groups favour the N conformer. This tendency was reproduced by 100 ps molecular dynamics simulations ( Figure  5 ). Pseudorotation amplitude of 3′-FddUrd derivatives is coupled with the electronic properties of the 5-substituent, while electron attracting substituents increase the amplitude. The gaucherotamer is slightly stabilized in 3′-FddUrd derivatives by direct through-space electrostatic interactions between C5′-OH and 3′-F. The hydrophobic effect of the solvent makes that exposed 3′-substituent may play also a role in S form stabilization. Overpopulated gauche + rotamers for 5-F-4-SdThd derivatives decrease the accessibility of the C5′-OH group for phosphorylation. The decreased antiviral activity of 1a and 1b compared to the parent compounds AZT and FLT is probably related to the more potent inhibition of HIV RT by 5′-triphosphates than by the 5′-triphosphates of 1a and 1b and/or a lesser affinity for the activating thymidine kinase. Balzarini et al., 1989. 
